The aggregation of the amyloid-β (Aβ) peptide is linked to the pathogenesis of Alzheimer's disease (AD). In particular, some point mutations within Aβ are associated with early-onset familial Alzheimer's disease. Here we set out to explore how the physical properties of the altered side chains, including their sizes and charges, affect the molecular mechanisms of aggregation. We focus on Aβ42 with familial mutations-A21G (Flemish), E22K (Italian), E22G (Arctic), E22Q (Dutch), and D23N (Iowa)-which lead to similar or identical pathology with sporadic AD or severe cerebral amyloid angiopathy. Through global kinetic analysis, we find that for the E22K, E22G, E22Q, and D23N mutations, the acceleration of the overall aggregation originates primarily from the modulation of the nucleation processes, in particular secondary nucleation on the surface of existing fibrils, whereas the elongation process is not significantly affected. Remarkably, the D23 position appears to be responsible for most of the charge effects during nucleation, while the size of the side chain at the E22 position plays a more significant role than its charge. Thus, we have developed a kinetic approach to determine the nature and the magnitude of the contribution of specific residues to the rate of individual steps of the aggregation reaction, through targeted mutations and variations in ionic strength. This strategy can help rationalize the effect of some disease-related mutations as well as yield insights into the mechanism of aggregation and the transition states of the wild-type protein.
amyloid | aggregation mechanism | kinetic analysis | self-assembly | driving forces I n 2017, the number of people suffering from dementia reached 50 million, with an annual increase of nearly 10 million new cases (1). As one of the most common neurodegenerative diseases, Alzheimer's disease (AD) accounts for 60% to 70% of all dementia cases (1, 2). Several lines of evidence link the aggregation of the amyloid beta (Aβ) peptide to the pathogenesis of AD: Aβ plaques are present in the brain of affected individuals (3), and early-onset AD is observed in people with Down's syndrome, in which case there are three copies of the Aβ precursor gene (4) (5) (6) , as well as in people with mutations that lead to increased Aβ production, altered ratio between different Aβ variants, or more aggregation-prone Aβ variants (2, (7) (8) (9) .
Aβ is cleaved from an amyloid precursor protein (APP). The most common variants have 40 (Aβ40) or 42 (Aβ42) residues, while several other variants that differ in length at the N or C terminus have been discovered. Although Aβ42 is expressed at a much lower level than Aβ40, it shows higher cell toxicity and is found to be the initial and major component in the cerebral senile plaques, which implies that Aβ42 plays a significant role in the pathogenesis of AD (7, (10) (11) (12) .
In most AD cases, the disease appears to be sporadic, with an average onset age of 65 y, but for a small subset of all affected individuals, a genetic factor linked to the disease has been identified in APP or other proteins (13) . Most of these mutations lead to the emergence of AD symptoms before 65 y of age, and the resulting disease is known as early-onset familial AD (FAD) (14) .
In this study, we focus on familial mutations that occur inside the Aβ region: A21G (Flemish), E22G (Arctic), E22K (Italian), E22Q (Dutch), and D23N (Iowa) (Fig. 1) . Two nearly identical models of Aβ42 WT fibrils have been obtained by solid-state NMR for independently prepared samples, implying a reproducible structure (15, 17) . In these models, A21, E22, and D23 are exposed on the surface of the ordered part of the fibril (Fig. 1) . A common feature of these mutations is a one-(E22Q, E22G, and D23N) or two-(E22K) unit change in the net charge. The WT peptide is expected to have a net charge between −3 and −4 at neutral pH. The charge leads to electrostatic repulsion between Aβ monomers as well as aggregated species. This electrostatic repulsion plays a central role in attenuating the aggregation behavior of Aβ (18) and is expected to be reduced in these less charged mutants.
The formation of Aβ fibrils from a supersaturated solution of monomers has been inferred to occur through a double nucleation mechanism (19) . While primary nucleation, involving monomers only, is a slow step with a high energy barrier, secondary nucleation involving monomers on the surface of fibrils has a significantly lower energy barrier (20) . Thus, secondary nucleation occurs at a much higher rate during a large fraction of the reaction time course (19, 21) . While the presence of secondary nucleation in the aggregation of Aβ was originally suggested based on global fitting of nonseeded and seeded aggregation reactions, selective isotope labeling of monomer and fibril in separate experiments clearly identified the monomers
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as the origin of new aggregates in this fibril catalyzed secondary nucleation process, thus providing further evidence of its existence (19, 22) .
The change in total net charge of Aβ due to the E22Q, E22G, D23N, and E22K mutations will reduce the electrostatic repulsion between molecules. Therefore, an increase in aggregation rate, and possibly also a change in mechanism, is expected for these mutations. Many studies have been devoted to investigating the effect of familial mutations on aggregation kinetics. Most of these studies have used synthetic Aβ mutant peptides at one or a few peptide concentrations and have indeed found higher aggregation propensity and cytotoxicity than for synthetic Aβ WT (9, (23) (24) (25) (26) (27) . To go beyond this expected behavior, here we study the concentration-dependent aggregation kinetics of five familial mutants (A21G, E22Q, E22K, E22G, and D23N) of recombinant Aβ (M1-42) (elsewhere referred to simply as Aβ42). We use nonseeded and seeded samples to investigate the mechanism of aggregation, rate constants of the underlying microscopic steps, and the electrostatic contributions to the observed effects. The aim is to find which microscopic steps in the aggregation process are affected the most by the different mutations and to infer which residues are most relevant for the steric and electrostatic effects during WT aggregation.
Results
Studies of Aβ point mutations known to cause early-onset AD may provide clues as to the molecular driving forces for aggregation and pathology. While several familial mutants, including those in the current study, are reported to have different aggregation propensities than Aβ42 WT, we here seek to understand the molecular basis by focusing on the aggregation mechanism of Aβ42 and its perturbation by five single mutations found in families with increased risk for early development of AD.
Fibril Morphology of Aβ Familial Mutants. Mature fibrils formed from 10 µM monomer [samples collected after reaching the plateau in thioflavin T (ThT) fluorescence; see ThT Fluorescence Versus Time] were observed using cryo-TEM for Aβ42 WT and all five mutants. All six peptides form fibrils of similar width but with apparent differences in twist, length, and fibril-fibril association. Overall, the fibrils are hundreds of nanometers to a few micrometers long with a thickness of 5 to 10 nm with two filaments wound around each other and twisted to a different degree (Fig. 2) . Aβ42 WT, E22Q, and E22G have similar morphology, in which the fibrils show a highly twisted structure with a relatively short node-to-node distance. Fibrils of A21G, E22K, and D23N appear to be longer and slightly less twisted with a longer nodeto-node distance; these fibrils are less tangled and more evenly distributed over the grids (Fig. 2 , wider fields of view are shown in SI Appendix, Figs. S1 and S2). In addition to dispersed fibrils, large dense aggregate clusters that are composed of bundled fibrils were observed. These clusters are found to be surrounded by a network of fibrils, and the diameter of the dense core area is about 1 to 2 µm. Aggregate clusters were found for WT, E22Q, E22G, and D23N and most prominently for E22G, where very few isolated fibrils were observed compared with other samples.
Aggregation Kinetics. The aggregation of Aβ42 WT and five familial mutants-A21G, E22K, E22Q, E22G, and D23N-was followed by recording the ThT fluorescence for nonseeded and seeded samples as a function of time at a range of peptide concentrations (0.4 to 10 µM). These experiments start from supersaturated monomer solutions without or with preformed fibrils. Samples are prepared on ice and quickly transferred to 37°C for incubation and ThT fluorescence measurements.
The aggregation kinetics data at all concentrations of each mutant were analyzed in four stages: (i) plotting of ThT fluorescence versus time, (ii) extraction and comparison of the aggregation half time versus concentration, (iii) fitting of a power function to the half times to estimate the scaling exponent, and (iv) global kinetic analysis-that is, normalization of each aggregation curve and fitting of various models to find the minimal model required to fit the data in a global manner at all peptide concentrations. Stages 1 to 3 represent preliminary analyses that serve to present and discuss findings that can be derived without modeling, while stage 4 constitutes the more stringent analysis to obtain a detailed microscopic mechanism of aggregation.
ThT Fluorescence Versus Time. We find that the aggregation curves of the familial mutants are sigmoidal-like, similar to those of Aβ42 WT, but with distinct differences in overall appearance and aggregation rate, depending on the mutation (Fig. 3) . Both the aggregation time and the ThT fluorescence intensity depend on the peptide concentration. Moreover, the curve shape is clearly affected; the mutant A21G, E22K, and E22Q appear similar to the WT, whereas E22G and D23N show clear differences and aggregate much faster.
Half Time Versus Concentration. To quantify the aggregation propensity and its monomer concentration dependence, we use the aggregation half time (t 1/2 ), which is defined as the time point when the ThT intensity reaches half way between the initial baseline and the final plateau value. A full kinetic model to fit these data are discussed in the next section. The half time is plotted as a function of monomer concentration on double logarithmic scales (Fig. 4) . The half time of all Aβ42 familial mutants is dependent on the initial monomer concentration in the form of a power function, Eq. 1, as previously observed for Aβ42 WT.
A21G is the least aggregation-prone among all mutants studied, and it behaves similarly to Aβ42 WT. E22K and E22Q aggregate faster than WT in the low concentration range. Even faster aggregation is seen for D23N and E22G. The increased aggregation propensity compared with WT for all mutants, except for A21G, is reflected in a shorter half time than for WT particularly at the lowest peptide concentrations (Fig. 4) . The order of aggregation propensity at low peptide concentration of Aβ42 WT and familial mutants observed here agrees with the result of a previous study of synthetic Aβ40 peptides with familial mutations studied at one peptide concentration, 10 µM, with agitation (9). However, that system differs due to the effect of C-terminal truncation (29) and the mechanical perturbation caused by agitation.
Scaling Exponent. The scaling exponent γ (Eq. 1) was determined for each mutant to quantify the monomer dependence of the half time. In the double logarithmic plot (Fig. 4) , the scaling exponent is the slope of the plotted straight line. The slight curvature seen for some of the mutants is a sign of saturation effects, as explained in the full fits below (30) . The scaling exponents reported here are thus averages over the whole monomer
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Aβ42 E22K Aβ42 E22Q Aβ42 D23N concentration range sampled. Aβ42 WT and A21G are the most strongly dependent on monomer concentration with the lowest scaling exponent γ = −1.3, followed by E22K, E22Q, and E22G with a γ of −0.8 to −0.9 and D23N with the highest scaling exponent, γ = −0.5, and hence the lowest monomer concentration dependence. Although the E22 mutations all display a similar γ of around −0.8, thus seen as parallel lines in Fig. 4 , E22G is much more aggregation-prone than E22Q and E22K. The half time for E22G is ∼5 times shorter than for E22Q and ∼10 times shorter than for E22K over the entire concentration range. The aggregation propensity of D23N lies between that of E22G and E22Q in the concentration range studied, however it has a weaker concentration dependence and aggregates as fast as E22G at the lowest peptide concentration examined, 0.8 µM (see Fig. 4 ). At high peptide concentrations of around 10 µM, D23N aggregates with a similar half time as E22Q and WT, whereas below 1 µM, D23N aggregates as fast as E22G. Importantly, if extrapolated to the even lower concentrations encountered in a physiological context, the increase in aggregation rate relative to WT of these weakly concentration-dependent mutants-D23N, E22G, and E22Q-is expected to become even more pronounced. This finding underscores the importance of performing experiments over a wide concentration range approaching the one found in vivo.
Global Kinetic Analysis. For a full mechanistic analysis, we performed global fits to the ThT data for each mutant using the online fitting platform AmyloFit (18) . In this instance, "global" means the kinetic curves at all concentrations were fitted by the same rate constants and reaction orders, giving three free fitting parameters for each mutant. The possible origin of minor deviations between data and fitted curves at high peptide concentrations for D23N, E22G, and E22Q are discussed in SI Appendix, section 2. For all systems, the main source of new aggregates is a surface catalyzed nucleation process, and for none of the six peptides can the data be fitted by a model that includes primary nucleation and elongation only (SI Appendix, Fig. S3 ). The data for all mutants and the WT are well fit by a model in which the surface catalyzed secondary nucleation process was explicitly treated as a multistep process, akin to Michaelis-Menten-type enzyme kinetics (29) . This model explicitly considers the individual events taking place during secondary nucleation, initial attachment of monomers or preformed oligomers, followed by formation and detachment of the nucleus (see mechanism in Fig.  5 ). At high enough monomer concentrations, the fibril surface will be fully covered, and this secondary nucleation process will be saturated, becoming independent of the solution monomer concentration and limited by the formation and detachment of the newly formed nuclei. The quantity describing the concentration range in which this saturation effect is significant is the Michaelis constant KM . Secondary nucleation is half saturated at a monomer concentration of √ KM . We find that this value is close to the maximum sampled monomer concentrations for WT and A21G, meaning saturation effects are small in these cases. [Note that in previously published work (19) the aggregation of the WT was fit with a model not explicitly including saturation, as the maximal sampled concentrations there were two-fold lower than in the present work, thus saturation was even less significant.] For D23N, all sampled concentrations are in the fully saturated regime. Thus, we can only conclude that the half saturation concentration, √ KM , is below the minimum sampled monomer concentration. To obtain an upper bound during fitting, we increased KM until a significant worsening of the fits was observed. This upper bound is √ KM = 0.3 µM, and the other rate constants quoted for D23N are obtained when KM is set to this upper bound.
Compared with the WT, we find a substantial (100-fold or more) increase in the combined rate constant for elongation and secondary nucleation, k+k2, for E22G and D23N; a slight increase for E22Q; and comparable rates for E22K and A21G. The combined rate constant for elongation and primary nucleation, k+kn , shows the greatest increase for E22G; the other mutants only show a slight increase or are comparable to the WT. The detailed effects of mutations on each of the microscopic processes of aggregation are described below and summarized in Fig. 6 .
Unseeded reactions yield only the combined rate constants, so to estimate the elongation rate constant separately, the average lengths determined from TEM measurements were used (see SI Appendix, section 1). The elongation rate constant was found to vary by less than an order of magnitude from the WT for all mutants (Fig. 6 ). Therefore, the observed effect of mutations originates mainly from changes to the nucleation rather than the elongation processes.
Seeding Experiment. To confirm that secondary mechanisms do indeed dominate the production of new aggregates, as suggested by the global fitting of the data from nonseeded reactions, seeding experiments were performed. In the presence of a secondary nucleation mechanism, addition of a small amount of preformed seeds is expected to lead to a significant shortening of the half time. In this case, initial seeds can be amplified by the secondary process, bypassing a significant portion of the lag phase, whereas in the absence of a secondary process, initial seeds cannot multiply and have little effect on the aggregation kinetics (18) .
Aggregation kinetics were thus repeated at monomer concentrations in the range of 1 to 5 µM with preformed fibrils at 0%, 0.04%, 0.2%, 1%, 5%, 10%, and 30% in monomer equivalents. We find that the half time is shortened in the presence of seeds at all monomer concentrations studied, and the extent of acceleration is dependent on the seed concentration (see Fig. 3 for Aβ42 WT and five familial mutants-A21G, D23N, E22Q, E22K, and E22G. All data are well reproduced by global fits of models in which the majority of new aggregates is produced by fibril-surface catalyzed formation of nuclei from monomer. Furthermore, this process was found to display saturation, similar to that observed previously for Aβ40 (29) , for E22G, E22Q, E22K, and D23N. A schematic of the processes considered in this model and how they fit together in the aggregation reaction network is shown at the bottom. Lower concentrations of Aβ42 WT and A21G are excluded from the fitting due to issues with reproducibility for reactions with such long half times.
SI Appendix, Fig. S6 ). Most notable, the strong seeding effect at low concentrations of seed (<1%) confirms that secondary nucleation is the dominant process of aggregate multiplication. An effect solely due to the direct elongation of seeds, as would be expected in the absence of a secondary process, would not be visible above the noise of the ThT fluorescence signal at such low seed concentrations. Finally, using the rate constants obtained in the fitting of the unseeded data, along with the elongation rate estimated from TEM, the expected curves for the seeded experiments were predicted and were found to be consistent with the data (see SI Appendix, Figs. S7 and S8).
Discussion
Reduced Electrostatic Repulsion and Mechanistic Shift. The detailed kinetic experiments and analyses reveal that the charge substitutions not only affect the rate of aggregation but also cause a change in the underlying mechanism by shifting the relative importance of different microscopic steps. This shift in mechanism is evident in the weaker monomer dependence of t 1/2 for the mutants with reduced absolute charge: All charge substitution mutants aggregate faster than Aβ42 WT in the low concentration range but are more similar to WT at high peptide concentrations.
A mechanism in which the formation of nuclei is dominated by the nucleation of monomers on the surface of existing fibrils, with the potential for saturation of this process, describes the data well for all mutants. In this description, the secondary nucleation process may become saturated and therefore independent of the monomer concentration at high monomer concentrations, when the binding sites on the fibril surface are fully covered in surface-bound species (29) . Under such conditions, the conversion to and detachment of species formed after nucleation are rate-limiting at high monomer concentration. We find that secondary nucleation proceeds at a much higher rate for D23N, E22G, E22Q, and E22K compared with WT at low and physiological monomer concentrations such that generation of toxic oligomers from monomers of these mutants at the surface of fibrils may become even more severe than for WT (19, (31) (32) (33) .
While the saturation effect is not observed to be significant at the Aβ42 WT concentrations sampled here, the fact that it does become significant for the charge mutants, upon reduction of the intermolecular electrostatic repulsion, is in line with our expectations from earlier work (28) . In this earlier study, we investigated the effect of electrostatic interactions on the aggregation of Aβ42 by increasing the ionic strength of the solution to screen the electrostatic repulsion between the aggregating species. The overall aggregation propensity increased with increasing ionic strength, and secondary nucleation was found to reach saturation at higher ionic strengths. The half times of aggregation at different ionic strengths up to 312 mM are shown in Fig. 4A ; note the flatter curves at higher ionic strengths indicative of saturation. Likewise, in a separate study, we found that a change in pH from 8.0 to 7.4, also accompanied by a decrease in absolute charge of the monomer, leads to a saturation of secondary nucleation (34) .
In all these cases, the decreased repulsion between monomers and fibrils, due to the decreased electrostatic interactions, accelerates the microscopic steps that involve several charged species. This leads to an overall increase in aggregation propensity but also makes saturation of secondary nucleation more likely. The monomer-dependent attachment process in secondary nucleation will likely become more favorable when electrostatic repulsion is decreased, but the conversion and detachment process will be less affected, making the latter rate-determining. Therefore, under decreased electrostatic repulsion, secondary nucleation saturates. This means that its rate becomes independent of the monomer concentration and hence the dependence of the half times on the monomer concentration weakens for the charge mutants compared with the WT. However, reduction of charge through mutation is a more localized effect than shielding through increase of ionic strength, and the magnitude of √ K M , the monomer concentration at which secondary nucleation is half saturated. The region of monomer concentrations sampled in this study is marked in green. Aβ42 WT and A21G show little saturation effects, while D23N is fully saturated at all monomer concentrations sampled. Thus, for D23N, we can only obtain an upper bound for √ K M , which is displayed as an empty circle in the plot. (E) Rate of conversion of secondary nuclei. This corresponds to the high concentration limit where the system is fully saturated. (F) Illustration of the degree of saturation, using the value of √ K M from D. The region of monomer concentrations sampled in this study is marked in green.
the effect is expected to depend on the specific location of the mutation.
To determine the effect of mutations on the conversion of secondary nuclei-that is, the second step of the secondary nucleation process-we calculated its rate (29) (Fig. 6) . Indeed, the rate is only significantly increased for the two fastest mutants, D23N and E22G, and even for those mutants, the effect is less than an order of magnitude. Thus, the origin for the overall increase in rate originates mainly from an increased saturationthat is, a more favorable interaction during the fibril binding step of secondary nucleation.
We will now discuss each of the mutants in turn. In particular, we attempt to determine the importance of electrostatic effects in the observed change in aggregation behavior. To determine the role of a mutated residue during a specific step of the aggregation reaction, it is assumed that the transition state structure of the mutants closely resembles that of the WT.
D23N.
Cryo-TEM images show that D23N forms long and thin fibrils and additional densely packed big fibril clusters ( Fig. 2 and  SI Appendix, Fig. S1 ). D23N is a relatively conservative substitution in terms of side-chain volume; however, at pH 8.0, D23N has one unit less negative charge than WT. Both the E22Q and D23N substitutions involve a change from carboxylate to carboxamide, but the enhancement of the aggregation rate is much larger in the case of D23N, suggesting that the charge at D23 is more important in the rate-determining steps of aggregation. The combined rate constant of elongation and primary nucleation (k+kn ) shows a slight increase, and the combined rate constant of elongation and secondary nucleation (k+k2) increases drastically, to give the highest among all five mutants studied here (Fig. 6) . Two factors contribute to the increased rate of secondary nucleation of D23N: The rate of conversion to secondary nuclei is increased slightly compared with the WT, and the coverage of fibrils by prenuclei is significantly higher. The former effect may be related to particular features of the short hydrophilic Asnside chain. For example, the higher propensity of Asn-compared with Gln to form hydrogen bonds between the side chain and main chain of the same peptide may provide additional stabilizing interactions during the transition state of nucleus conversion (35, 36) . The latter effect, the complete saturation of secondary nucleation, is evident in the weak concentration dependence with a scaling exponent of −0.5 and the low value of √ KM . The increased monomer-fibril interactions may be a result of the decreased electrostatic repulsion in D23N.
To determine the importance of charge in this observed change of aggregation behavior, we varied the ionic strength of the solution and performed further aggregation experiments of D23N. We find that both an increase of the ionic strength from ca. 60 to 162 mM as well as a decrease to 24 mM has no significant effect on the aggregation kinetics, as evident in the half times in Fig. 8 . The fact that a change in ionic strength does not affect the aggregation behavior suggests that electrostatic interactions are not as important for D23N as they are Half times are plotted against initial monomer concentration on a double logarithmic plot. Bottom Right compares the combined rate constant of secondary nucleation and elongation for the different mutants and ionic strengths. Lower, standard, and higher ionic strengths are 24 mM, 60 mM, and 162 mM, respectively. While D23N is not significantly affected by changes in ionic strength, both E22K and E22Q are sped up significantly at higher ionic strengths, suggesting that charge still plays a role during the aggregation of these mutants.
for the WT. This is an indication that a significant part of the electrostatic effects observed in the WT aggregation may be due to the monomer-fibril association step in secondary nucleation, which is saturated and hence no longer kinetically visible in D23N. Furthermore, this finding suggests that D23 is one of the main contributors to electrostatic effects observed for Aβ42 WT and as such is responsible for attenuating the monomer to fibril attachment rate during secondary nucleation. In the model of WT Aβ42 fibrils (Fig. 1) , the D23 side chain is exposed on the fibril surface. It is far away from both positive residues K16 and K28; on one side, it is next to the E22 side chain, and on the other side, the V24 side chain docks into the hydrophobic core, leading to complete solvent exposure to that side of D23. Furthermore, D23 is aligned with adjacent layers of monomers, producing bands of negative charge along the length of the fibril, whose removal could conceivably lead to a significant decrease in electrostatic repulsion between the fibril and any adsorbing species.
E22Q. Like Aβ42 WT, E22Q forms short fibrils and also densely packed fibril clusters ( Fig. 2 and SI Appendix, Fig. S1 ). E22Q is a relatively conservative substitution in terms of side-chain volume and hydrogen bonding capacity; however, at pH 8.0, E22Q has one unit less negative charge than WT. This mutation is comparable to D23N in that it replaces a carboxylate with a carboxamide; however, the effect seen here is much weaker than for D23N, both in the overall aggregation propensity as well as concerning the extent of saturation of secondary nucleation. Compared with WT, k+kn and k+k2 increase by about one order of magnitude (Fig. 6 ), but because of saturation effects, the half times are comparable at higher peptide concentrations (Fig. 4) . The fact that the secondary nucleus conversion rate is comparable to that of the WT suggests that no important interactions are formed by the E22 during this conversion step.
To further strengthen our conclusion about D23 being the main group responsible for the electrostatic effects in the aggregation of WT Aβ42, we performed another aggregation experiment with E22Q, increasing the ionic strength from ∼60 to 162 mM (Fig. 8) . In line with our expectations, the overall rate of aggregation is significantly increased upon an increase of ionic strength, indicating that electrostatic repulsion is still an important contribution to the overall kinetics for E22Q. Thus, for Aβ42 WT, the contribution to the electrostatic repulsion is smaller for E22 compared with D23. The fact that two charges in such close proximity have such a different effect implies that one of the residues is involved in specific interactions. One possibility could be the interaction of E22 with the closely located, positively charged, K16 side chain with the possibility for hydrogen bonding and charge-charge interactions leading to local charge compensation. Thus, attenuating the charge due to the E22 group would lead to a less pronounced charge effect compared with the D23.
E22K. E22K is the least charged peptide in this study, with two units of less negative charge than WT. It pushes the previous mutation of E22Q even further by replacing the negatively charged side chain with a positively charged one, at the same time increasing the side-chain volume. Cryo-TEM images reveal distinct changes in fibril morphology; E22K forms longer fibrils with a longer node-to-node distance than WT and more loosely packed aggregates. The aggregation kinetics are slightly slower than for E22Q and at high peptide concentrations even slower than for the WT peptide. The slow kinetics at high concentrations is in line with the fact that this is the only mutant that shows, relative to the WT, a significantly decreased secondary nucleus conversion rate (Fig. 6 ), which will determine the overall secondary nucleation rate at high concentrations.
The low aggregation propensity, despite the largest reduction of absolute charge, further strengthens the conclusion that the charge at the E22 position is significantly less important than at the D23 position. As for E22Q, a significant increase in the aggregation propensity upon an increase in ionic strength is observed for E22K also. Furthermore, the lower aggregation propensity of E22K compared with E22Q, and in particular its lower secondary nucleus conversion rate, suggests that the steric constraints of a large lysine side chain at position 22 may affect the stability of the transition states during nucleus conversion. If steric effects are indeed important, then reduction of the size of the group at the 22 position should lead to a significant increase of the aggregation propensity.
E22G. E22G forms short fibrils, similar to Aβ42 WT, and also densely packed big fibril clusters ( Fig. 2 and SI Appendix, Fig.  S1 ). E22G has one unit less negative charge than WT at pH 8.0, similar to E22Q. However, while the E to Q mutation leaves the size of the side chain effectively unchanged, E to G significantly reduces its size. This change in size has a drastic effect on the aggregation propensity, making E22G the most aggregation-prone mutant in the concentration range studied here. Compared with E22Q, the combined rate constants k+kn and k+k2 increase by about two orders of magnitude for E22G (Fig. 6) . The aggregation via a saturated secondary nucleation mechanism agrees with the previous result from a study of the synthetic form of E22G (23) .
Similar to D23N, E22G shows increased saturation (although not to the same extent as D23N) as well as an increased rate of secondary nucleus conversion. The origin of the latter effect may include the much larger range of allowed dihedral angles for glycine compared with all other amino acids, potentially making lower energy transition states accessible (37) . Substitution from glutamate or glutamine to glycine also increases significantly the overall hydrophobicity of monomers as well as fibrils (38) . In the Aβ42 WT fibril structure, E22 is located on the fibril surface, gating the hydrophobic patch formed by A21 and V18 (Fig. 1)  (15) . The glycine substitution disrupts this gating and widens the hydrophobic patch. Overall this increased hydrophobicity may be the reason for the significantly increased fibril affinity during secondary nucleation of E22G compared with both WT and E22Q.
E22G is not only the most aggregation-prone variant among all of the five familial mutants, it is also associated with very aggressive early-onset AD and rapid deposition of plaques in the brain of affected individuals (7) . In particular, the fast rate of secondary nucleation might lead to increased oligomer formation at a relatively short time, which is in line with the previous finding of increased protofilament formation (7) and may contribute to the early-onset of AD pathology.
In summary, for the three mutations at position 22, the overall aggregation propensities thus fall in line with the side chain size, with the smallest (Gly) being the fastest and the largest (Lys) being the slowest. The trend does not follow the charge of the side chain, and the kinetics of the mutants are still susceptible to electrostatic shielding. Overall this suggests that the effect of the E22 group on the kinetics of aggregation of the WT is dominated by steric or hydrophobic effects, with electrostatic effects being less important.
A21G. Unlike the other four mutants studied, the A21G mutation is not a charge substitution mutant. However, it is found in the same region of the peptide as the other mutations and is also linked to early onset FAD. At pH 8.0, both Aβ42 WT and A21G have a net charge between −3 and −4. A21G represents a seemingly small substitution, removal of one methyl group, with severe consequences for early-onset AD or cerebral amyloid angiopathy (14) . Cryo-TEM images show a distinct change in fibril morphology; longer and less twisted fibrils are found for A21G compared with WT, and less clumping of the A21G fibrils is observed ( Fig. 2 and SI Appendix, Fig. S1 ). By contrast, the kinetic data reveal that A21G is comparable to the WT, and indeed slightly less aggregation-prone, over the entire concentration range studied, which is in line with the earlier result for Aβ40 A21G relative to Aβ40 WT at one peptide concentration (9) . The scaling exponent of the half time versus peptide concentration is unchanged compared with WT. Global fitting reveals that the combined rate constants for A21G show values comparable to Aβ42 WT (Fig. 6) . High-resolution models of the Aβ42 fibril structure (15, 17) reveal that A21 forms a hydrophobic patch with V18 and this patch is gated by two hydrophilic amino acids, E22 and K16, that are exposed on the fibril surface (Fig. 1) . The mutation of A21 to G21 would not destroy this patch.
Given the lack of an increase in the aggregation propensity, the association of A21G with disease is likely associated to factors other than aggregation propensity. One such factor might then be the increased Aβ42/Aβ40 ratio and an almost doubled expression level (7) . A higher resistance to degradation by neprilysin (9) , an enzyme that plays a vital role in Aβ catabolism, may also be of relevance. Crucially this finding highlights the complexity of the disease and that the intrinsic aggregation propensity is only one of multiple disease-relevant factors. A kinetic analysis as presented here allows one to quantify, and potentially rule out, the possible effect due to an altered intrinsic aggregation propensity.
Conclusion
While the exact sequence of events causing AD remain to be defined, the aggregation of the Aβ peptide is considered a critical process in its pathology. We argue that, although most cases involve WT Aβ, significant insights can be gained by studying the effect of point mutations causing early-onset AD on individual steps in the aggregation mechanism. The present study represents a level of investigation routed in recent advances of both a highly reproducible experimental setup and a theoretical framework for global analysis of data. In addition to finding strong effects on monomer-dependent secondary nucleation, we dissect the relative influence of side-chain size and charge.
Our results reveal that the aggregation of Aβ42 familial mutants A21G, E22G, E22Q, E22K, and D23N is dominated by secondary nucleation of monomers on fibril surface, and for E22G, E22Q, E22K, and D23N, this process is even more dominant than for WT Aβ42 and partly or fully saturated at the studied monomer concentrations. At peptide concentrations in the sub-µM range, E22G, E22Q, D23N, as well as E22K aggregate significantly faster than Aβ42 WT, with the most aggregation-prone mutants being E22G and D23N, while A21G behaves similar to Aβ42 WT. In particular, we find a marked increase in the rate constant for secondary nucleation, a process that was identified as the main generator of Aβ oligomers (19, 31) . These oligomers, several studies indicate, are in turn the main species responsible for the toxicity to neuronal cells (19, (31) (32) (33) . An increased rate of secondary nucleation, which is likely to also result in an increased amount of oligomers, will have implications for the involvement of the mutant Aβ peptides in early-onset AD. By contrast, the lack of effects on the aggregation rate in the case of A21G suggests that interactions involving the A21 side-chain methylene group are not of great importance in the transition states of aggregation. It moreover highlights that factors other than the intrinsic aggregation propensity can be key in the pathology of AD.
A more in-depth analysis of the molecular origin of the effect of the mutations revealed the nature and importance of A21, E22, and D23 side chains in the different steps of aggregation of WT Aβ42. In general, the lack of correlation between effects of mutations on the elongation and the nucleation rates suggests that the transition state for elongation differs clearly from that of nucleation, whereas the transition states of primary and secondary nucleation appear to be affected similarly. This finding also highlights the presence of several rate-determining steps that can be affected differently by mutations (30) . In particular, we find that D23 is a main contributor to the electrostatic effects in the nucleation steps. In agreement with earlier work (28), these electrostatic interactions also appear to control the relative rates and thus the saturation of the secondary nucleation process, with the initial fibril attachment step being more affected by electrostatics. By contrast, the contributions of E22 to the nucleation steps are mainly of a hydrophobic and/or steric nature. In general, removal of exposed, charged side chains is likely to facilitate monomer-fibril association and thus speed up secondary nucleation by increasing coverage of fibrils, whereas substitutions promoting or inhibiting conformational rearrangements are likely to affect the conversion steps.
Thus, our analysis of the effect of mutations on the individual steps of aggregation has not only allowed us to rationalize the pathological effect of some disease-related mutants, it also provides insights into the nature of the interactions that govern the different steps of the assembly process.
Materials and Methods
Peptide Expression and Purification. The genes coding for WT Aβ (M1-42)-that is, with an N-terminal methionine preceding Asp1 (elsewhere referred to simply as Aβ42)-and the five familial mutants A21G, E22G, E22Q, E22K, and D23N were produced using PCR with overlapping oligonucleotide and cloned into the PetSac vector (a Pet3a variant with NdeI and SacI cloning sites) and expressed in Escherichia coli as described before (39) . Aβ42 WT, E22K, and D23N were purified in the same way using ionexchange chromatography (IEC) and size-exclusion chromatography (SEC). Inclusion bodies were isolated by dispersing cell pellet in solution with 10 mM Tris and 1 mM EDTA at pH 7.5, followed by sonication to break the cell wall and centrifugation to collect the insoluble inclusion body. After repeating the same steps three times, the supernatant in each step was discarded and the pellet was dissolved in 10 mM Tris/HCl, 1 µM EDTA, pH 8.5 (buffer A) with 8 M urea and then diluted four times with buffer A to reach 2 M urea. Purification was followed by IEC, starting with incubating of diethylaminoethyl cellulose resin with inclusion body solution. The peptide was eluted with decreasing concentration of urea ranging from 1.8 M to 1 M and increasing salt concentration ranging from 50 mM to 200 mM NaCl in buffer A. Aβ peptides were identified by SDS/PAGE for all of the eluting fractions. Eluates with target peptide obtained from IEC were applied on SEC after lyophilization and dissolution in 6 M GuHCl or passed through a 30 kDa molecular mass cutoff filter. After that, solutions of purified monomers were lyophilized and stored at −20°C as powder until needed. E22G was purified following the same protocol as above with minor modification. For ion exchange, the NaCl concentration range was from 10 mM to 200 mM. The target peptide was eluted with 1 M urea and 100 mM NaCl. After ion exchange, samples were purified by two rounds of SEC. E22Q and A21G purification follows a similar protocol as Aβ42 WT, with the addition of phenyl Sepharose chromatography. The E5856 | www.pnas.org/cgi/doi/10.1073/pnas.1803539115
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samples were loaded on phenyl Sepharose column in 0.5 M (NH 4 ) 2 SO 4 at pH 8.0. The column was washed with a linear gradient from 0.5 M (NH 4 ) 2 SO 4 to water followed by elution in 8 M urea, pH 8.0. Eluents were applied on SDS/PAGE, and fractions with target peptides were lyophilized for further purification by SEC.
Sample Preparation. All kinetic experiments start with SEC gel filtration to guarantee the pure monomeric form of Aβ peptide. The lyophilized peptide powder was dissolved in 1.0 mL 6 M GuHCl for 15 to 20 min (to dissolve preexisting aggregates). After that the Aβ GuHCl solution was loaded on a Superdex 75 10/300 GL column (GE Healthcare Life Sciences) using a fast protein liquid chromatography (FPLC) system (Biorad). The Aβ peptide was eluted at 14 mL in phosphate buffer (20 mM NaH 2 PO 4 , 0.2 mM EDTA, 0.02% NaN 3 , pH 8.0). Peptide concentration was calculated from the integrated absorbance of the collected central portion of the monomer peak using Beer-Lambert law A = ε 280 · l · c with an extinction coefficient ε 280 = 1,440 M −1 cm −1 , which was determined by amino acid analysis (BMC).
Aggregation Kinetics Experiments. ThT, a fluorescent probe that specifically binds to β sheet-rich structures and gives enhanced fluorescence intensity, was used here to follow the Aβ aggregation as a function of time. Purified Aβ peptide was diluted to required concentrations with a ThT concentration of 6 µM in low-binding tubes (Genuine Axygen Quality) and kept on ice before setting up the experiment. For concentration-dependent aggregation kinetics, samples were prepared at 12 concentrations ranging from 0.08 µM to 10 µM with logarithmic spacing. Each concentration contained a total volume of 320 µL, and the solution was mixed by gently turning the tube upside down to avoid air bubbles. For seeding experiments, fibrils were prepared at a concentration of 10 µM; sonicated for 2 min; diluted to 2 × 0.04%, 0.2%, 1%, 5%, 10%, and 30% of the monomer concentration equivalent; and used later as seeds. Samples were mixed by adding 120 µL monomer to 120 µL seed solution. Prepared peptide solution was loaded 80 µL per well in a 96-well microplate with a PEGcoated surface (Corning) and measured in a Fluostar Omega or Fluostar Optima plate reader (BMG Labtech). Aggregation was monitored at 37°C in quiescent condition. The ThT fluorescence was recorded with excitation at 440 nm and emission wavelength at 480 nm. Each experiment was repeated at least twice with triplicate or quadruplicate samples at all concentrations.
Cryo-TEM. The samples used for cryo-TEM were prepared and incubated in the same way as the aggregation kinetics. Samples of 10 µM Aβ42 WT or the other familial mutants were incubated at 37°C. Fresh fibrils were collected when the aggregation curves reach the plateau. A controlled environment vitrification system (CEVS) was used in sample preparation to maintain a stable temperature to avoid evaporation and heat transfer. A 5 µL sample was loaded on a lacey carbon-filmed copper grid and blotted from the backside by using filter paper to generate a layer of solution that is less than 300 nm thick. The grid was then plunged into liquid ethane (around −180°C) to flash freeze all samples "as is" on the grid and also to avoid ice crystals. Well-frozen samples were stored in liquid nitrogen until imaged. The electron microscope (Philips CM120 BioTWIN Cryo) was equipped with a postcolumn energy filter (Gatan GIF100), a cryoholder (Oxford CT3500), and its workstation for transferring samples. The acceleration voltage of the microscope was 120 kV. Images were recorded with a CCD camera under low electron dose conditions. Data Analysis. A typical aggregation curve is a sigmoidal curve with a lag phase, a growth phase, and a plateau. Half time, as a means to estimate the overall aggregation rate, is defined as the point where the ThT value is halfway between the initial baseline and final plateau values. Half time (t 1/2 ) of each concentration was plotted against monomer concentration (m 0 ) on a double logarithmic plot and fitted by a straight line to obtain the scaling exponent γ: t 1/2 ∝ m where k+ is the elongation rate constant; kn and k 2 are the rate constants of primary nucleation and secondary nucleation, respectively; nc and n 2 are the reaction orders of primary nucleation and secondary nucleation, respectively; and K M is the Michaelis constant of secondary nucleation. As the models are fit to the overall ThT signal, these rate constants represent weighted averages of any conformations that may be present in the fibrillar and monomeric states. An approximate solution to these equations can be obtained as and B± = k∞ ±k∞ 2κ .
[10]
Again m 0 is the initial monomer concentration and P 0 , M 0 and P∞, M∞ are the aggregate number and mass concentrations at the beginning of the reaction and at equilibrium-that is, after completion of the aggregation reaction. Note that for unseeded experiments (i.e., experiments starting from monomer alone, without preformed fibrils), the parameters of nucleation and elongation are coupled; that is, only k+k 2 and k+kn are constrained, not the rate constants individually.
